Jet dynamics. Recollimation shocks and helical patterns by Perucho, M.
EPJ Web of Conferences will be set by the publisher
DOI: will be set by the publisher
c© Owned by the authors, published by EDP Sciences, 2018
Jet dynamics and stability
Recollimation shocks and helical patterns.
M. Perucho1,a
1Departament d’Astronomia i Astrofísica, Universitat de València
Abstract. The dynamics and stability of extragalactic jets may be strongly influenced by small (and probable)
differences in pressure between the jet and the ambient and within the jet itself. The former give rise to ex-
pansion and recollimation of the jet. This occurs in the form of conical shocks, or Mach disks, if the pressure
difference is large enough. Pressure asymmetries within the jet may trigger the development of helical pat-
terns via coupling to kink current-driven instability, or to helical Kelvin-Helmholtz instability, depending on
the physical conditions in the jet. I summarize here the evidence collected during the last years on the presence
of recollimation shocks and waves in jets. In the jet of CTA 102 evidence has been found for (traveling)shock-
(standing)shock interaction in the core-region (0.1 mas from the core), using information from the light-curve
of the source combined with VLBI data. The conclusions derived have been confirmed by numerical simula-
tions combined with emission calculations that have allowed to study the spectral evolution of the perturbed
jet. Helical structures can also be identified in radio-jets. The ridge-line of emission of the jet of S5 0836+710
has been identified as a physical structure corresponding to a wave developing in the jet flow. I review here the
evidence that has allowed to reach this conclusion, along with an associated caveat. Current data do not allow
to distinguish between magnetic or hydrodynamical instabilities. I finally discuss the importance of these linear
and non-linear waves for jet evolution.
1 Introduction
The parsec-scale structure of jets in active galactic nuclei
(AGN) is mainly observed in the radio band, using the
VLBI technique. These radio jets can be interpreted as
flows because the Larmor radius of particles is very small
when compared to the spatial scales of the problem studied
[1]. However, it is very difficult to obtain information on
the nature and properties of the underlying flow as related
to the emitting region. Nevertheless, the interpretation of
extragalactic jets as flows has different implications: Such
systems, which are composed of magnetic fields and par-
ticles propagating along the jet channel are suitable for the
growth of different hydrodynamical and/or magnetic insta-
bilities. The instabilities have been claimed to be the cause
of many of the structures observed in jets: knots produced
by pinching, helices by kink or Kelvin-Helmholtz helical
modes; see e.g., references [2–4]. Those instabilities de-
velop in the form of waves triggered by any external or
internal perturbation that grow in amplitude with time and
distance, as they are advected with the flow. The waves ap-
pear as solutions to the linearized equations of relativistic
magneto-hydrodynamics [5–7] (and references therein),
giving solutions at most relevant wavelengths compared
to the jet scale (0.1-100 jet radii). This means that any
perturbation with a given frequency will almost certainly
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trigger the growth of an unstable mode and its harmonics
[8].
The fact that FRII (Fanaroff-Riley type II, [9]) jets
propagate collimated to long distances poses a question
on the effect of the instabilities on those jets. We now
know that jet opening with distance or the growth of short-
wavelength modes cancel the disruption of the jet via en-
trainment and deceleration, which would occur in the case
of full development of a relatively long wavelength mode
to non-linear amplitudes, at least in the case of particle
dominated jets [2–4]. But, if instabilities do really grow
in jets we would expect to observe wave-like structures
and motions already with the available observing resolu-
tion provided by the interferometric technique.
One of the visible structures that could be generated in
jets by the development of instabilities is the helical one.
Actually, this kind of structure has been repeatedly re-
ported in different jets (e.g., [10, 11]). Recently, [12] have
proposed an alternative explanation for the helical struc-
tures observed in jets. Following previous work [13, 14],
the authors suggested that the jet flow may be forced into
this path by the growth in amplitude of a perturbation that
couple to an instability.
Considering the supersonic nature of jets, small pres-
sure differences between the jet and the ambient generate
the development of conical shocks produced by jet over-
expansion with respect to the ambient [15–17]. At these
conical shocks, the jet flow may dissipate a fraction of its
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kinetic energy into thermal energy and emission [18–21].
If a Mach disk is formed (when the overpressure ratio and
consequently the jet opening angle are large), the jet flow
can even become subsonic and thus more unstable [22] and
eventually disrupted. Thus, in the case of parsec-scale jets
I will focus on conical shocks to be consistent with the ob-
served propagation of collimated jets beyond this region.
The interaction of traveling perturbations with these stand-
ing shocks has been appointed as a possible scenario for
the production of gamma-ray flares in AGN jets [23, 24]
and it was already studied as a possible location for in-
crease in radio flux [18, 19].
In the previous paragraphs I have set the theoretical
justification for the presence of waves and standing shocks
in jets. However, we were missing direct evidence of their
real existence. Up to now, all the models were based on
the assumption that observed stationary features could be
identified with recollimation shocks, and on the assump-
tion that instabilities must develop in jets to interpret he-
lical structures as due to them. In the last years, evidence
has been collected for the presence of both in the jets in
the blazar CTA 102 and the quasar S5 0836+710. On the
one hand, C. Fromm and collaborators have shown that a
flare in CTA 102 could have produced a perturbation trav-
eling along the jet and interacting with a stationary fea-
ture within the core region (r'0.1 mas) [25, 26, 28, 29],
via a combination of theoretical and observational anal-
ysis, together with numerical experiments. Recent emis-
sion simulations based on relativistic hydrodynamic sim-
ulations of an overpressured jet seem to confirm this in-
terpretation (Fromm et al., in preparation) by studying the
spectral evolution of the perturbed jet. On the other hand,
observations of the jet in S5 0836+710 at different fre-
quencies and epochs have shown that the ridge line of this
jet behaves as expected if it is interpreted as a pressure
wave [12].
Here I will summarize these results, discussing the im-
plications for jet evolution and emission at parsec scales.
I will also review them critically, pointing out the limita-
tions of current studies of parsec-scale jets. The structure
of this contribution is as follows: In Section 2, the accu-
mulated evidence for shock-shock interaction in the jet in
the blazar CTA 102 is exposed and the radiative signatures
that this process could trigger is discussed. In Section 3,
the evidence for the presence of waves in the jet in the
quasar S5 0836+710 is reviewed. Finally, summary and
a discussion on the implications that these structures may
have for jet evolution are given in Section 4.
2 Recollimation shocks
2.1 Spectral evolution of a flare in CTA 102
The light-curve of the jet in the blazar CTA 102 (z = 1.037,
8.11 pc/mas) showed an increase of almost an order of
magnitude of the flux at radio frequencies, starting at the
end of 2005 (see Fig. 1). A careful analysis of the prop-
erties of this flare can be found in [25]. The authors
identified an unexpected behavior in the evolution of the
turnover frequency and flux of this flare, if the normal
shock-in-jet model evolution [27] is assumed. This model
predicts an initial increase of the turnover flux accompa-
nied by a decrease of the turnover frequency during the ini-
tial stage of evolution, in which the losses are dominated
by the inverse (self-)Compton (SSC) mechanism. As the
flaring region evolves along the jet, it becomes more di-
lute and the inverse Compton scattering ceases to be the
most important energy-loss mechanism, the turnover flux
reaches its maximum and the turnover frequency contin-
ues decreasing. Finally, both turnover flux and frequency
decrease in the last stage, in which the energy losses
are mainly due to adiabatic expansion. In theory, there
is a stage in which synchrotron losses are dominant be-
tween the Compton and the adiabatic stages, in which the
turnover flux remains fairly constant, while the turnover
frequency decreases. During the last two stages the spec-
tral turnover is determined by synchrotron self-absorption
(SSA).
Within this picture, there should be a single maxi-
mum (or a plateau if there is a synchrotron stage) in the
turnover flux density along the temporal evolution of the
flare. However, in the case of CTA 102, the authors iden-
tified a double-peak structure, and no plateau in the evolu-
tion of the turnover frequency and flux, as shown in Fig. 2.
The initial increase in flux was followed by a decrease,
a new increase, and a second decrease in flux, with the
turnover frequency always decreasing. Although during
the second increase in flux it remained constant within er-
rors. Once a change in the viewing angle or new flare were
disregarded from modeling and observations, the hypoth-
esis used to explain the second peak in flux was based on
the possible interaction between the perturbation produc-
ing the flare and a stationary (recollimation) shock. The
authors claimed that the initial Compton stage was fol-
lowed by an adiabatic stage, which was interrupted by
a second Compton stage. The interaction could produce
reacceleration of particles and a second Compton stage,
with an increase in the flux. Later, within the same pro-
posed physical scenario, an adiabatic compression of the
flow was claimed to possibly produce such increase in the
flux [28, 29]. The reason being that the Compton mecha-
nism requires larger opacity and particle density than prob-
ably available at this downstream region from the core.
Nevertheless, the possibility of a second Compton stage
cannot be completely ruled out.
2.2 Evidence for shock-shock interaction
Direct and indirect observational evidence for a recollima-
tion shock in a region close to the radio core came from the
multi-frequency analysis of the kinematics [28] and spec-
tral behavior [29] of the source using VLBI observations
(see Fig. 3). The summary of the collected evidence is the
following: 1) An observable feature can be permanently fit
in the analysis of the VLBI images at 43 GHz in a region
around 0.1 mas from the core (Fig. 4, [28]), even though
it is typically identified with traveling features (but this
could be wrong [26], Fromm et al. in preparation). 2)
A traveling bright feature (component), injected at the be-
ginning of the flare (late 2005), crosses this region during
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Figure 1. Light curve of the jet in CTA 102 during the flare that
took place in 2005/2006. The dashed lines indicate epochs of
multi-wavelength VLBI observations. Taken from [29].
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Figure 2. Evolution of the turnover frequency-turnover flux of
the flaring spectrum, which was obtained after subtracting the
steady-state fluxes, as defined in [25]. Taken from [25].
the time of the second peak in the turnover frequency-flux
plane (component C2, Fig. 4, [28]). 3) At larger distances
from the core, where the jet can be resolved, the jet radius
shows successive expansions and compressions, which are
a signature of non-pressure equilibrium with the ambient
and thus, of the formation of recollimation shocks. Ex-
trapolating this result inwards, we can expect to have such
shocks within the core region (0-0.5 mas, Fig. 5, [29]).
4) A region in which the jet radius decreases and the res-
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Figure 4. Top panel: Kinematics of fitted components in the jet
of CTA 102 at 43 GHz. The colors indicate the different identi-
fied components. Bottom panel: Simultaneous evolution of the
light curve at different frequencies and of each of the fitted com-
ponents. The shaded areas are identified with the injection of
new components and the dashed lines with their passage through
the region where a standing shock is expected. The component
that is assumed to produce the studied flare is C2. Taken from
[28].
olution is enough to perform an accurate spectral analy-
sis shows the expected spectral behavior of a recollima-
tion shock, as obtained from numerical simulations, with
a quasi-symmetric bumps in the turnover frequency and
spectral index (Fig. 17 in [29], [20]). 5) The passage
through this region of a previously injected feature was
captured by the VLBI observations, showing a temporary
increase in the observed turnover flux and frequency, too
(Fig. 20 in [29], [26]). In conclusion, there is compelling
evidence of the presence of recollimation shocks and com-
mon interaction with traveling bright features, which can
be interpreted as shocks, in the jet of CTA 102, and hints
of such an event at r ' 0.1 mas from the radio-core.
A numerical simulation of a perturbation injected in
an overpressured jet with respect to the ambient medium
was performed, and the emission at a viewing angle of 90◦
was computed. More complete emission simulations at
small viewing angles are being performed to confirm this
result (Fromm et al., in preparation). These simulations
are similar to those presented in [18, 19], although now
the interest lies on the spectral evolution of the perturbed
jet, more than in the expected flux increase as obtained
in the aforementioned references. The initial jet overpres-
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Figure 3. The jet in CTA 102 at different frequencies and cross-identified components among frequencies. Taken from [28, 29]
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Figure 5. Deconvolved jet radius with distance at different fre-
quencies. Taken from [29].
sure ratio is P j/Pa = 3, the jet Lorentz factor is γ = 12,
adiabatic exponent is Γ = 13/9, and the jet density ration
relative to the ambient ρ j/ρa = 0.02. The resolution used
is 32 cells/R j in the two dimensions, with a grid size of
300 R j × 10 R j. The jet produces two conical recollima-
tion shocks within the grid. After equilibrium is reached,
a perturbation is introduced with a duration that takes into
account the injection time-scales of one month (based on
the typical duration of X-ray flares, [30]). Fig. 6 shows
three snapshots of the perturbation traveling through the
jet in comoving (host galaxy) time (as viewed at 90◦).
The general conclusion that can be extracted from this
work is that the perturbation injected at the end of 2005
interacted with a stationary, recollimation shock and went
through, probably, an adiabatic compression that gener-
ated an increase in the flare flux. The position of this sta-
tionary feature does not coincide with the core position,
but it is within the core region. The analysis of the core-
position at the studied frequencies, up to 43 GHz, does not
allow to know whether the core coincides with a still inner
shock, but it seems to correspond to a τ = 1 surface, with
τ the optical depth, up to that frequency [29].
2.3 Implications
The initial hypothesis involving the interaction of a travel-
ing perturbation in the jet and a recollimation shock has
been confirmed up to our resolution and technical lim-
its. Although there could be other possible phenomena
producing flares and changes in their spectral evolution,
we have collected enough evidence to claim that the most
probable physical process in the case of the 2005 flare in
CTA 102 is the ejection of a perturbation, in the form of
a density increase, and the later interaction of this pertur-
bation with a stationary shock. It has been shown that this
latter process is able to produce an increase in the flux of
the flaring region (i.e., the perturbation) and the observed
spectral evolution. This fact could be taken into account
as a signature of shock-shock interaction when studying
the evolution of flaring events in blazars and correlations
in a multi-frequency context. The global picture would
thus be the following: A perturbation is injected into the
jet, as an increase in the mass-flux in the jet. This per-
turbation generates a shock wave, compressing the flow
and accelerating particles. In the most compact region,
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Figure 6. Three snapshots of a two-dimensional, axisymmetric numerical simulation of a perturbed overpressured jet following the
evolution of the perturbation (see text). Taken from [26].
the particle and photon densities are large enough to pro-
duce intense inverse Compton scattering. As the perturba-
tion expands downstream with the jet, the particle density
drops, the region becomes optically thinner at more fre-
quencies, and inverse Compton ceases to be the dominant
loss channel. In the case of the studied flare, it seems that
at this point, adiabatic losses are the dominant energy-loss
mechanism. At some point, the perturbation enters into
the recollimation region, which is not a discrete, planar re-
gion, but an extended conical one, in which the material in
the perturbation gets gradually compressed up to the max-
imum compression at the tip of the cone formed by the
standing shock. After the induced increase in flux, which
is large enough to change the observed light-curve of the
flaring event, the perturbation goes back into an adiabatic-
loss stage. Farther downstream, similar events, although
with much more modest increases in the flux can happen.
This is due to the fact that the perturbation has already dis-
sipated an important fraction of its kinetic energy and the
capacity to generate remarkable increases in flux is lost.
The jet in CTA 102 shows a helical shape along dis-
tance (Fig. 7, [29]). It could be (wrongly) claimed that a
helical structure is incompatible with the presence of rec-
ollimation shocks. The fact that the development of these
two different features is generated by independent causes
(pressure mismatch between the jet and the ambient versus
pressure mismatches within the jet) makes their existence
in a jet completely compatible and possible, as a simple
three-dimensional relativistic hydrodynamical simulation
shows (see Fig. 8, [8]). The simulation shown in Fig. 8
consists of an overpressured jet with respect to the ambient
that generates several recollimation shocks within the grid
before reaching an equilibrium situation (top panel). The
jet overpressure ration P j/Pa is 1.5, the jet Lorentz factor
is γ = 5, adiabatic exponent is Γ = 13/9, and the jet den-
sity ration relative to the ambient ρ j/ρa = 0.02. The reso-
lution used is 8 cells/R j in the three dimensions. After this
equilibrium is obtained, a helical perturbation with a wave-
length of 50 R j was introduced. The result is shown in the
bottom panel, where a competition between the pinching
and the helical structures can be observed.
3 Helical structures
3.1 Evidence
A collection of observations at different frequencies of the
jet in S5 0836+710 (z = 2.16, 8.37 pc/mas) was analyzed
in [12] (see Fig. 9). The different observations of the jet at
different frequencies ranging from 1.6 GHz to 43 GHz for
a given epoch (or close enough observation epochs), give
the same ridge-line positions within the errors. The ridge-
line is defined as the peak of emission of a gaussian fitted
to transversal cuts of the jet along the direction of propa-
gation. Fig. 10 shows the obtained ridge lines from 1.6 to
8 GHz, with estimates of the errors as one fifth of the beam
size in the corresponding direction. This image serves as
an example of those obtained for different frequencies and
epochs and giving similar results (see also Fig 7 for the
case of CTA 102). Some of the small wavelength oscil-
lations could be attributed to uv-coverage effects, as dis-
cussed below, but the general trends are reproduced for all
cases, and this can only be explained by the ridge-line of
the jet corresponding to a region of maximum emission at
all the observed frequencies, i.e., probably corresponds to
the radiative signature of a physical structure, which is cer-
tified mainly at the frequencies at which the jet is transver-
sally resolved: High resolution images at 15 GHz confirm
EPJ Web of Conferences
 0.0 2.0 4.0 6.0 8.010.012.014.0
x [mas]
-20.0
-18.0
-16.0
-14.0
-12.0
-10.0
-8.0
-6.0
-4.0
-2.0
 0.0
y
[m
as
]
2GHz
5GHz
8GHz
15GHz
22GHz
43GHz
86GHz
Figure 7. Ridge-line of the jet in CTA 102 at different frequen-
cies. Dashed lines indicate 1 mas increase in radial distance to
the core. Taken from [29].
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Figure 8. Numerical simulation of an overpressured jet in which
a helical perturbation is introduced. In the top panel, the over-
pressured jet in equilibrium is shown. In the bottom panel, the
same jet after the helical perturbation has crossed the grid. The
recollimation shocks and the helical instability compete to deter-
mine the jet morphology. Simulation performed with Ratpenat.
Courtesy of C.M. Fromm.
that the ridge-line position does not necessarily coincide
with the centre of emission of the radio jet [12]. Within the
first milliarcsecond, these images at 15 GHz allowed the
measurement of transversal displacements, which show a
clear wave-like oscillation pattern with distance. Fig. 11
shows the results for two pairs of observing epochs (2002-
2003 and 2008-2009, separated by 0.82 and 0.75 years,
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Figure 10. Ridge-line positions along the (large-scale) jet prop-
agation axis at different frequencies (1.6, 2.3, 5 and 8 GHz) in
1997. The crosses indicate estimates of errors in the determina-
tion of these positions (only indicated in one point per frequency
for the sake of clarity).
respectively). The velocity patterns show similar shapes
between them, albeit different amplitudes. The obtained
ridge-line velocities at these scales are superluminal, but
this is due, according to the authors, to: 1) relativistic wave
velocities, 2) a small-scale oscillation of the core, very dif-
ficult to detect in this distant source, but observed in others
(e.g., M 81, [31], see also Fig. 12), and 3) displacements
of the ridge-line being smaller than the errors in the deter-
mination of its position. The latter aspect will be discussed
in more depth in the next section. Finally, it is interesting
to note that the amplitude of the oscillation, as seen at the
lowest frequencies, grows along the jet propagation direc-
tion. This fact can be due to the coupling to an unstable
mode of the Kelvin-Helmholtz or current-driven instabili-
ties [32].
The evidence exposed in the previous paragraph fits
with the suggested association of ridge-lines with maxima
in emission produced by pressure enhancements within the
jet, possibly coupled to the development of instabilities.
Recently, Cohen et al. (this volume) have presented
new results of the nearby source BL Lac, using long-term
monitoring of the source at 15 GHz, which confirm that
the ridge-line of emission within the jet shows a wave-like
behavior. In addition, it has already been reported, by us-
ing stacked images, that jets may show different structure
with time, and fill a wider channel than observed at a sin-
gle epoch, for instance in the case of 3C111 [33].
3.2 Causes and implications
The origin of these waves is unclear because the ob-
served patterns are not necessarily periodical, although
there seems to be agreement in the possibility that the
long-wavelength structures must be produced at the for-
mation. The precession of this region, due to the accretion
disk or a secondary black-hole orbiting the primary one
has been invoked as a triggering mechanism. Shorter-term
oscillations can be attributed to perturbations triggered by
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Figure 9. The jet in 0836+710 at different frequencies and epochs. Notice the different scales. The ridge-line is overplotted. Taken
from [12].
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Figure 11. Transversal velocity of the ridge line obtained from dividing the displacements of the ridge-line (at 15 GHz) between two
pairs of epochs (2002-2003, left, and 2008-2009, right) by the time between them. Taken from [12].
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Figure 12. Same as Fig. 11, obtained from an analytically generated three-dimensional helix. The left panel shows the result obtained
by fixing the position of the core, whereas the right panel shows the result obtained by removing this assumption. By doing this, the
superluminal transversal velocity is corrected in the latter. Taken from [12].
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asymmetries in the jet itself or in the ambient medium, lat-
eral winds or entrainment of clouds that rotate around the
galactic centre from a side of the jet, for instance. How-
ever, it is difficult to disentangle the causes from the effects
in these objects and this is more the case when the models
proposed have a moderately large number of free param-
eters. In conclusion, different models can end up repro-
ducing the observed patterns within the errors produced in
their derivation. In the case of small wavelengths, some
of them can even be observational artifacts, as discussed
below. Another difficulty to be taken into account is the
following: If the triggering process is continuous, the pat-
tern can show a stable wavelength in distance and time.
On the contrary, a single perturbation event can propagate
downstream, coupled to an unstable mode, but it will only
produce an isolated wave-pulse.
A helical structure generated by the pressure maxima
of a wave developing within a jet could be explained in an
idealized way, by the following equations:
xh = A0 ezh/λi cos
(
2 pi(zh − vw t)
λ
+ ϕ0
)
yh = A0 ezh/λi sin
(
2 pi(zh − vw t)
λ
+ ϕ0
)
, (1)
with zh the axis along which the helix is defined, xh and
yh the transversal directions, A0 the initial amplitude, λi
the growth length of the unstable mode, λ the wavelength,
vw the wave velocity, which is independent of the flow ve-
locity, and ϕ the initial phase. The relation between the
observed (xob, yob) coordinates on the plane of the sky and
the intrinsic (xh, yh, zh) ones, as specified above, is the fol-
lowing, accounting for relativistic and projection effects:
xob = xh(zh)
[
cosα −
(
sin2 α
1 − βw cosα
)
βw
]
+
zh
sinα
(1 − βw cosα)
yob = yh , (2)
where yob is selected as the direction perpendicular to the
jet axis and parallel to the plane of the sky. These equa-
tions, in the absence of motion, reduce to:
xob = xh cosα + zh sinα
yob = yh. (3)
If there are more waves evolving, the picture gets more
difficult to interpret, as each wave may have a different
propagation velocity and wavelength.
There is open debate as to whether these waves are
magnetic or purely hydrodynamical in nature. The claim
that the waves correspond to magnetic instabilities is based
on the fact that the observed radio components seem to
follow the ridge-line as they propagate (Cohen et al., this
volume, and [35] for the interpretation of zig-zag motions
in jets): If the jet ridge line is identified with a kink in-
stability in the magnetic field of a magnetically dominated
jet, the flow would be forced to follow this kink.
This argumentation follows from the idea that if the jet
is strongly magnetized, the flow always follows the field
lines and thus shows a twisted path if the field is helically
twisted, whereas in the kinetically dominated case the flow
could follow a straight stream-line even if the radio-jet
shows a helical structure, because 1) the helical structure
responds to the bright high pressure region within a wide
channel, or 2) due to ballistic motion with changing in-
jection direction, as seen in the microquasar SS 433 (e.g.,
[34]). However, in the case of a growing instability the
flow can propagate along straight stream-lines while the
amplitude of the instability is not large. When it grows to
nonlinear values, the jet flow starts to deviate from its orig-
inal trajectory by the pressure gradients within the jet (see,
e.g., [8, 36, 37] for magnetized and non magnetized jets).
It was shown via numerical simulations [37] that an asym-
metric perturbation at the base of a relativistic jet propa-
gates downstream and naturally creates a pressure maxi-
mum helical structure, which can eventually distort the jet
flow and force it into a helical path when its amplitude
grows to large enough values. Within the same simula-
tion setup, perturbations in flow density were injected into
the jet. The perturbations generate shock waves, which
propagate ballistically along the first part of the simulated
jet, but end up following the helical path when most of
their kinetic energy has been dissipated. It has also been
been reported that the development of the helical Kelvin-
Helmholtz instability can force the jet flow into a helical
path, albeit different from the helicity of the pressure max-
imum, with the helicity of this maximum showing larger
amplitude than that of the jet flow [13, 14]. The larger the
Lorentz factor of the flow and the shorter the wavelength
of the mode, the more different is the helicity of the flow
as compared to that of the pressure maximum. This can
be understood in terms of the larger inertia of the jet flow
with increasing Lorentz factor [8, 13].
Finally, let us stress that the argument of the flow fol-
lowing the field lines also works in the opposite way: a
particle dominated plasma with an ordered velocity field
would force the magnetic lines into the same path. Thus,
a purely hydrodynamical jet could produce observational
patterns similar to a strongly magnetized jet, and further
evidence has to be given in any of both directions to make
clear statements on the issue.
Moreover, the observed helical ridge-line structure
could be an observational bias produced by differential
emission within the jet: If the obtained ridge-lines cor-
respond to the pressure maximum produced by a kink
current-driven instability (see, e.g., [36]) or helical Kelvin-
Helmholtz instability (see, e.g., [37]), a high-pressure re-
gion and a low-pressure one can be found within the jet
cross-section. In this case, the passage of a ballistic com-
ponent following a straight path along the jet, could en-
hance the emission of the whole jet, but the effect would
be more visible on the ridge-line (high-pressure region).
As a result, any radio-component fitted to the region would
be centered there. Then, if the ridge-line corresponds to a
propagating wave, then the fitted-components would also
move apparently along the jet and, of course, on top of the
ridge-line. It is thus crucial to disentangle the nature of the
components and whether or not they follow the ridge-line.
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The waves that were associated with the ridge-line
could be coupled to a growing instability, as indicated
by the increasing amplitude of the helix with distance in
the case of S5 0836+710, as seen at 1.6 GHz. If so,
it is difficult to distinguish between current-driven insta-
bility and Kelvin-Helmholtz instability modes, both be-
ing solutions to the linearized relativistic, magnetized flow
equations and both being possible sources of helical pat-
terns [7]. Recent work on current-driven instability [36]
shows that a helical kink propagates with the jet flow if
the velocity shear surface is outside the characteristic ra-
dius of the magnetic field, i.e., approximately the radius
at which the toroidal magnetic field is a maximum. If the
observed pattern corresponds to a current-driven kink in-
stability, the observed transversal oscillation in the jet of
0836+710 requires that the kink be moving with the flow
and implies that the transversal velocity profile is broader
than the magnetic field profile, i.e., the velocity shear sur-
face lies outside the characteristic radius of the magnetic
field. Thus, in this case the jet would have a magnetized
spine surrounded by a particle dominated outer region and
a current-driven kink in the spine would move with the
flow. However, this cannot be confirmed by present data.
3.3 Caveats
The detection of a wave pattern in the oscillation of the
ridge-line between different epochs has been invoked as a
proof of the real existence of waves in relativistic jets (see
Section 3.1 in this work, [12]). However, the amplitude of
the oscillations is smaller than the errors in the determina-
tion of the position of the ridges. Therefore, this proof has
to be taken with caution and reviewed as possibly gener-
ated as an observational artifact. With this aim, possible
changes in the ridge line have been studied, by deriving it
in the case of an artificially generated straight jet at dif-
ferent epochs (and different uv-coverage, Fromm et al., in
preparation). The jet is produced with a gaussian transver-
sal structure centered on its axis. The ridge line should be
straight, and this is the case, but for irregular oscillations
within errors, when one of the axis of the deconvolution
beam of the VLBI observation coincides with the jet axis
(or if the beam is circular). On the contrary, if there is an
angle between the beam axis and the jet axis, an artificial,
regular oscillation of the ridge-line may be produced, due
to the brightness distribution induced by the shape of the
beam. Figure 13 shows the results obtained for an elliptic
beam with an angle between its axis and the jet axis (left
column), and a circular beam (right column), applied to the
same straight jet. The top panels show the location of the
ridge along the jet axis, the central panels show the signal-
to-noise ratio (SNR), and the last shows the velocity of the
displacement between the epochs, in mas/yr (let us remark
that the conversion at z ' 2 between angular size and dis-
tance is ' 8.4 pc/mas). The bottom panel in the left col-
umn shows that wave-like oscillations can be artificially
induced by applying an elliptic beam whose axis have an
angle to the jet axis. From the upper and central panels in
the right column, corresponding to a circular beam, shows
that the deviation from a straight line can also be exagger-
ated at low values of the SNR (below 10). Although in
the case of the circular beam a deviation is obtained, it has
an irregular aspect without any hint of wave-like structure.
The differences between epochs are mainly produced by
the different distribution of the antennas in the uv-plane
during the year.
In the case of the results given in Fig. 11, the beams
at the 2008 and 2009 epochs are almost circular, whereas
they are more elliptic in the case of the epochs in 2002
and 20031. Finally, it should be noted that, in order to
obtain the transversal displacements represented there, it
was assumed that xob(t1) = xob(t2), without taking into ac-
count possible changes due to the time dependence given
by Equation 2. Despite these facts, it is remarkable that the
maxima and minima are obtained at similar positions for
the two pairs of epochs, even though the four observations
were done at different times of the year and that the time
intervals between the two pairs of epochs are also different
(0.82 and 0.75 years, respectively). Thus, a full statisti-
cal study should be performed in order to understand how
probable it is to obtain regular structures from different uv-
coverages between epochs, and that this regular structure
preserves its global structure with time before being fully
convinced that the wave motions are real and it can be used
as an evidence of the presence of waves in jets. The rest
of the evidence provided is not subject to the same caveat
and therefore remains valid.
4 Summary and Discussion
4.1 Summary
As a result of a flaring event by the end of 2005, the spec-
tral evolution of the source at GHz frequencies shows a
pattern that can be identified with the shock-in-jet model.
An unexpected change in the spectral evolution of the per-
turbation cannot be attached to a change in the viewing
angle towards the traveling perturbation or to any new flar-
ing event and an interaction with a standing, recollimation
shock is suggested as a possible explanation. Compelling
evidence is found for the presence of recollimation shocks
in the jet of CTA 102. Numerical simulations confirm that
shock-shock interaction can produce flux increase during
a flaring event and can thus be responsible for changes
in the expected spectral evolution. As a conclusion, it is
claimed that the change in the spectral evolution of the
flare is produced by the adiabatic compression of the per-
turbation as it interacts with a recollimation shock located
at r ' 0.1 mas from the core.
It is possible to associate the ridge-line of emission of
helical jets to wave patterns tracing a (gas or magnetic)
pressure maximum produced by the growth of instabili-
ties. It is however difficult to extract information on the na-
ture of the waves due to relativistic and projection effects
plus the errors made in the calculation of ridge-line posi-
tion due to observational limitations. The core of the jet
1see the images of the jet S5 0836+710 in the MOJAVE database [38]:
http://www.physics.purdue.edu/astro/MOJAVE/sourcepages/0836+710.shtml
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Figure 13. Jet ridges of an artificial jet at two different epochs (top panels), signal-to-noise ratios (central panels) and transversal
displacements (bottom panels), as obtained with an elliptic beam (left column) and circular beam (right column). The error bars apply
to all the points and are taken as one fifth of the maximum beam size. Fromm et al. (in preparation).
could also be oscillating and this motion should be tested
and corrected in order to study the parsec-scale kinematics
of the radio-components in jets. Using a non-steady point
as a reference position for measuring motions in jets with
very small viewing angles at moderate or large redshifts
may bring to wrong conclusions regarding the transversal
velocities of the radio-components, as could be the case
in sources like NRAO 150 or OJ 287 [39, 40]. Small-scale
oscillations of the ridge-line between epochs could be arti-
ficially induced by restoring beams forming an angle with
the jet axis.
Further combined observational and theoretical stud-
ies like this one are required to get more information on
the nature of the growing instability and on the proper-
ties of the jet flow. High-resolution observations with the
space-telescope RadioAstron plus ground-based VLBI are
programmed and could favor improved measures of ridge-
line positions to be compared with previous ones.
4.2 Implications for jet stability and dynamics
Both recollimation shocks and helical instabilities can
have an important role in the long-term stability and dy-
namics of extragalactic jets. The former depend on pres-
sure differences between the jet and the ambient, and can
be enhanced by a drop in the ambient density. The jet am-
bient can vary significantly with time: When the jet is gen-
erated and during the first 105 − 107 yr, depending on the
jet power and ambient properties, the bow-shock/backflow
(cocoon) determine the jet environment. The sound speed
of the gas in the cocoon is high, so the pressure is basically
constant through it. During this time, as the jet expands,
the cocoon grows and its pressure drops. If the conditions
at injection remain fairly constant, this situation can, on
the one hand, produce jet overpressure and recollimation
shocks. On the other hand, if the jet is underpressured
with respect to the cocoon, during the initial expansion
phases, an initial collimation shock is followed by expan-
sions and recollimations, too. When the bow-shock is far
out of the host galaxy and the jet has an age >> 107 yr, the
cocoon disappears after mixing with shocked interstellar
gas and expanding, and is forced into something similar
to the original galactic gas profile, which is determined by
the gravitational potential. In this case, the jet flow might
become overpressured as it propagates through the galaxy
and the ambient gas density and pressure fall. Again, rec-
ollimation shocks can be generated. The factors that deter-
mine the location of these shocks are the jet overpressure
ratio with respect to the ambient, the jet Lorentz factor and
the pressure profile of the ambient [15, 16].
At these shocks, kinetic energy is dissipated into inter-
nal energy and adiabatic compression, or particle acceler-
ation can occur. Numerical simulations show that small jet
overpressure (of factors 2-3) are enough to produce strong
shocks and enhancements of emission and observed spec-
tral evolution (Fromm et al., in preparation). If the open-
ing angle of the jet is large, i.e., if the overpressure ratio is
large, a Mach disk can be formed. This planar shock de-
celerates the flow to subsonic velocities and, even though
reacceleration of the flow may occur in the following ex-
pansion, the fate of the jet is determined by mixing and
deceleration. This is possibly the case of FRI jets in the
so-called flaring region [22]. Nevertheless, in this pro-
ceedings I have focused on conical shocks produced in the
case of small (but still larger than 1) overpressure ratios
jets and their observational signatures.
The development of helical instabilities can also play
an important role in the long-term stability of jets. It has
been claimed [32] that the jet in 0836+710 is possibly dis-
rupted by the helical mode that produces the bends in the
radio-jet at tens of mas from the core. The growth of the
instability dissipates jet kinetic energy into thermal energy
and produces jet deceleration. In addition, if the amplitude
of the wave grows to nonlinear values, it can produced
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rapid jet disruption and significant deceleration to sub-
relativistic velocity via mixing with the ambient medium
[8].
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